Bacteria have evolved a variety of mechanisms for developing community-based biofilms. These bacterial aggregates are of clinical importance, as they are a major source of recurrent disease. Bacterial surface fibers (pili) permit adherence to biotic and abiotic substrates, often in a highly specific manner. The Escherichia coli common pilus (ECP) represents a remarkable family of extracellular fibers that are associated with both disease-causing and commensal strains. ECP plays a dual role in early-stage biofilm development and host cell recognition. Despite being the most common fimbrial structure, relatively little is known regarding its biogenesis, architecture, and function. Here we report atomic-resolution insight into the biogenesis and architecture of ECP. We also derive a structural model for entwined ECP fibers that not only illuminates interbacteria communication during biofilm formation but also provides a useful foundation for the design of novel nanofibers.
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chaperone-usher | donor-strand exchange | X-ray crystallography T he long coexistence between bacteria and their eukaryote hosts has fine-tuned their relationships. These microorganisms have developed remarkable molecular systems for the trafficking of molecules across the cell envelope and exchanging signals with their environment. Historically, bacteria have been studied during their planktonic life cycle, although a matrix-enclosed, organized-community lifestyle is a frequent mode of growth for countless species that exist in diverse environments. Many bacteria produce surface fibers allowing them to adhere to each other and to biotic and abiotic surfaces (1, 2) . Furthermore, many of these fibers are able to recognize specific host cell receptors during the first steps of host colonization and subsequent biofilm formation (3) . These bacterial aggregates are of clinical importance, as they are a major source of recurrent disease allowing reservoirs of bacteria to persist in a host or the environment. Biofilms also contribute to increased resistance to antibiotics, the immune system, and host clearance mechanisms (4) .
Escherichia coli are primarily commensal colonizers of the human and other animal bowels, contributing to a healthy host immune system. Conversely, there are a number of virulent strains that are important causative agents of many diarrheal diseases such as hemorrhagic colitis (4) . Upon entering extraintestinal sites, pathogenic strains can also lead to neonatal meningitis, urinary tract infections, sepsis, and pneumonia (5) . The effects of such gastrointestinal and urinary tract diseases in the developing world are considerable (6) , and they are estimated to kill around 2.5 million people every year, mostly young children (7) .
The E. coli common pilus (ECP), encoded by the ecpRABCDE operon, is an extracellular adhesive fiber first documented in association with E. coli strains causing newborn meningitis and septicaemia (NMEC), where it was originally named the Mat (meningitis-associated and temperature-regulated) fimbriae (8) . Further studies, however, have revealed that the ecp operon is ubiquitous across E. coli, making it the most common fimbrial structure in both commensal and pathogenic strains (8) (9) (10) (11) (12) . Moreover, this operon is found in many other important pathogenic enterobacteria that thrive in the gastrointestinal and urinary tracts.
Recent research suggests that ECP plays a dual role in earlystage biofilm development and host cell recognition. An ecp operon deletion mutant of an NMEC strain was not able to adhere to hydrophobic abiotic surfaces and establish a detectable biofilm (13) . In enteropathogenic E. coli (EPEC), ECP has been shown to act in synergy with the bundle-forming pilus (BFP) during formation of localized adherence, and antibodies against ECP were able to significantly reduce adhesion of a bfpA mutant to epithelial cells (12) . ECP has also been implicated as an adherence factor contributing to the aggregative adherence (AA) pattern of enteroaggregative E. coli (EAEC) (9) . Although aggregative adherence fimbriae (AAFs) (14) (15) (16) have been shown to be important adhesins involved in AA, the majority of EAEC strains do not produce AAFs, but ECP is highly conserved among them (9) . ECP production has also been detected in both biofilm-attached and free-living planktonic E. coli and, although the details are still unclear, the environmental cues for ECP up-regulation are optimized toward the particular niche environment colonized by the strain (13) .
The majority of ECP is composed of a unique ∼18-kDa protein called EcpA (8) , and immunogold labeling of the pilus, visualized by electron microscopy (EM), identifies EcpA along the entire length of the fibers (10). Furthermore, scanning electron microscopy (SEM) images show that the pili are thin flexible fibers that extend several micrometers away from the bacterial surface and have a high tendency to aggregate into well-ordered parallel and ∼12-nm antiparallel superstructures (10) , implicating an important role for EcpA in biofilm formation. In this study, we report atomicresolution insight into the biogenesis and architecture of ECP. Furthermore, our work also provides a structural model for entwined ECP in bacteria-bacteria interactions, such as during biofilm formation and cell adherence.
Results
Atomic-Resolution Structure of EcpA. The major ECP subunit, EcpA, contains a novel primary sequence with no detectable homology to any other pilin or fimbrial subunit with known structure. To determine the biogenesis and atomic details of this system, we began structural studies of EcpA from the uropathogenic E. coli (UPEC) strain CFT073. A recombinant EcpA-His 6 -tagged protein containing the 173 amino acids of the mature ecpA gene product minus the 22 amino acids of the N-terminal signal sequence was produced in E. coli K12 and purified by nickel-affinity and gel-filtration chromatography. EcpA eluted as a dimer, and this was confirmed by NMR relaxation measurements giving an estimated correlation time consistent with a dimeric molecular mass in solution (τ c ∼ 16 ns at 37 C). Crystals were readily obtained and structure determination was undertaken with iodide single wavelength anomalous dispersion (I-SAD) phasing and electron-density maps refined to 1.8 Å (Fig. S1 and Table S1 ). The final model contains two identical molecules in a head-to-tail arrangement, and all molecules could be built except for the N-terminal His 6 tags. EcpA is made up of seven β-strands and three helices; however, the A strand is flipped-out in both domains and complements the other subunit, forming a highly stable domainswapped dimer ( Fig. 1 A and B and Fig. S1 ). On closer inspection, if the A-A′ strand forms without crossing domains, the empty G groove could be donor strand-complemented (DSC) (17) (18) (19) by the N-terminal extension (NTE) of an adjacent EcpA molecule within the pilus (Fig. S1 ), as is observed in the chaperone-usher (CU) pathway family.
The ecp operon is composed of six genes: ecpR, ecpA, ecpB, ecpC, ecpD, and ecpE. Primary sequence analysis of EcpR revealed homology with the E. coli response regulator NarL (20) , whereas examination of EcpB, EcpC, and EcpE using Phyre (21) detected low but significant similarity with a variety of chaperone and usher proteins from the CU family of pili (22) . The typical sequence identity is <17% with all known usher (EcpC) and chaperone (EcpB and EcpE) structures (homology model confidence >99.9%). Interestingly, both EcpB and EcpE are predicted to function as chaperones, which is unprecedented in the CU system, where there is usually a single common chaperone. Although sequence analysis of EcpD (∼60 kDa) revealed no matches with other proteins (no E value <1), inspection of the N termini in EcpA and EcpD showed a significant level of similarity (Fig. S2 ). These sequences are likely to form donor strands in assembled pili, and their similarity also suggests that EcpA and EcpD interact with each other. Therefore, to create monomeric reagents of EcpA, both the N-terminal 18 residues of EcpA and 17 residues of EcpD were cloned onto the C terminus, with the addition of a short tetrapeptide (SDNK) linker sequence (Fig. S2 and Tables S2 and S3 ). These constructs (EcpA dscA [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , EcpA dscD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ) were overexpressed in E. coli and purified by nickel affinity. Gel-filtration chromatography and NMR analysis confirmed that both constructs form monomeric well-folded structures and indicate that EcpA is able to interact with its own N-terminal strand as well as that of EcpD.
Highly diffracting crystals were obtained for EcpA dscD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , and the structure was solved using molecular replacement and electron-density maps refined to 2.1 Å (Fig. S1 and Table S1 ). The final structure contains 12 EcpA molecules in the asymmetric unit and, although most residues could be modeled, it was not possible to build the N-terminal His 6 tags, Thr19 of chains F, I, and J, Thr20 of chain I, and parts of the solvent-exposed SDNK linker (Asp175-Lys176 chains A and C; Ser174-Lys177 chain J). Six citrate molecules were also modeled in the asymmetric unit. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] : 0.6 Å), with deviations observed only in the loop regions, although there is one striking difference. In the absence of the chaperone, EcpA forms a dimer where the N-terminal extensions complement the incomplete Ig fold in the neighboring molecule. This displaces the A strand at the bulky tryptophan side chain (W11), which complements its equivalent position in the adjacent molecule ( Fig. 1 A and B and Fig. S1 ). In monomeric EcpA dscD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , this tryptophan (W10) is buried within a deep pocket and is locked in place by the short linker between the A and A′ strands (Fig. 1C) . It is also interesting to note that EcpA contains no cysteine residues, as most other pilins of the CU family, such as the AafE-III adhesin (23) and the P pili major subunit PapA (24) , contain a highly conserved disulfide bridge linking the N terminus of the A strand and C terminus of the B strand.
To confirm that EcpA molecules can also stably interact with one another via the EcpA NTE, we used multidimensional NMR to assign >90% of the amide backbone resonances of monomeric ) and a ball-and-stick representation of residues 2-17 (EcpA) are displayed. Positively charged surfaces are shown in blue; negatively charged surfaces are in red. The N-terminal extension runs the entire length of EcpA, and the hydrophobic pockets are labeled P1-P5. In the 16 N-terminal residues shown (D 2 VTAQAVATWSATAKK 17 ), those bound in the P1-P5 pockets are purple, whereas the others are green.
EcpA dscA [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and carried out multiple relaxation experiments to probe the dynamics of EcpA (Fig. S3) . The NMR structural and dynamic data confirm that the EcpA NTE is able to complement EcpA, forming a highly stable and ordered structure consistent with the crystal structure of EcpA dscD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The "incomplete" Ig-like domain of CU pilins usually contains an exposed groove with five well-defined hydrophobic pockets (termed P1-P5) that are occupied by the incoming NTE of an adjacent subunit during pilus formation (22) . In EcpA the Ig-like fold is highly extended, creating a hydrophobic groove of ∼50 Å in length, and in addition to the well-defined pockets observed in other CU pilins there are two additional shallower binding sites for the N terminus of the incoming strand (Fig. 1D and Fig. S2 ).
EcpA Contributes to Antiparallel Interactions. Electron micrographs of E. coli microcolonies reveal that ECP forms a complex mesh of fibers with the crossing of pili and antiparallel/parallel interactions between adjacent filaments (Fig. 2A) . (Fig. 2B) . Interestingly, the width of antiparallel ECP fibers observed in our crystal structure is consistent with the published dimensions for intertwined interbacterial ECP (10) . Modeling the native EcpA NTE in place of dscD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] does not affect lattice contacts within this superstructure (Figs. S2 and S4 ). However, it would cause clashes between symmetry-related superstructures within the crystal, and may explain the inability of EcpA dscA [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] to crystallize. High-resolution EM was used to visualize negatively stained, purified ECP fibers and shows that they share a common morphology: single, flexible fibers measuring ∼6.5 nm wide by ∼1 μm in length ( Fig. 2C and Fig. S4 ). Furthermore, initial single-particle analysis along the fiber length has revealed dimensions that vary between 5.5 and 7.5 nm. This is indicative of a helical nature of the filaments, which is also supported by a number of class sums (Fig.  S4 ). In the crystal structure of EcpA dscD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , although the antiparallel fibers are supercoiled about one another, giving rise to a total width of ∼12 nm (Fig. 2B) , the individual pilus dimensions are 5.4 × 7.6 nm (Fig. S4 ) and, moreover, EcpA monomers can be readily modeled with NTEs complementing adjacent molecules (Fig. S4) . The overall effect is a "zigzagging" and twisting of EcpA along the fiber length, giving the appearance of a further entwining within these single ECP filaments.
Running along the central axis of the intertwined ECP superstructure, a significant interface is observed that is generated by the burial of a hydrophobic loop, between the E strand and helix 3, away from the solvent (Fig. 2D and Fig. S5) . Here, the side chains of residues Ala147, Val148, and T149 from diagonally adjacent subunits interact across the interfiber axis. On the external face of the structure, backbone amide and carbonyl atoms from the C-terminal residue within the SDNK linker make β-sheet interactions with the same residue across the fiber (Fig. S5) . Although this residue is not present in WT EcpA, the position is occupied by Ala1 and may still contribute to the stability of this superstructure in vivo. The buried surface area of the fiber interface is ∼210 Ǻ 2 for each EcpA molecule, and intertwining of over just a half-helical turn (∼1,890 Ǻ 2 buried surface) would result in substantial stability (Fig. 2B) .
To assess our model of single ECP fibers, we constructed a series of EcpA mutants (I39A, K46E, I69A/L76D, and V109A/L110A) that are expected to disrupt correct pilus quaternary structure (Fig.  S5 and Tables S2 and S3) , and another mutant in the donor strand (W11A), which is predicted to be important for the polymerization of EcpA. In addition, to examine the role of ECP in biofilm formation, we constructed three further mutants (A147W, A147W/ T149W, and A147D/T149D) to specifically disrupt antiparallel ECP-ECP interactions (Fig. 2D and Fig. S5 and Tables S2 and S3) . Plasmids coding for wild-type (pEcpRA) and mutants of EcpA were transformed into an ecpA knockout strain (EHEC EDL933ΔecpA), and ECP production in biofilms and quantification of biofilm were determined (Fig. 2E and Fig. S5) .
In contrast to wild-type protein, no EcpA production was detected from expression of the W11A mutant (Fig. S5) . As expected, the ability of this strain to form biofilms was equivalent to EDL933ΔecpA (Fig. 2E) . Consistent with our structural studies, these data highlight the critical role that the NTE and W11 play in the secretion and assembly of ECP. The K46E, I69A/L76D, and V109A/L110A mutant strains showed a marked reduction in the ability to form biofilms compared with wild-type (Fig. 2E and . S5 ). These mutants are predicted to stabilize the native pilus structure, and its disruption would likely affect key aspects of ECPdependent biofilm formation. Moreover, the A147W, A147W/ T149W, and A147D/T149D strains were less able to form ECPdependent biofilm compared with wild-type ( Fig. 2E and Fig. S5 ). Although the abolition of antiparallel inter-ECP interactions does not completely abrogate ECP-dependent biofilm, the complex network formed in ECP biofilms ( Fig. 2A) suggests that many types of interaction may play a role (e.g., parallel entwining of fibers). These data support the notion that this antiparallel interface contributes to EcpA-EcpA interactions during biofilm formation.
EcpD Is Required for Assembly of EcpA into Fibers. To elucidate the function of EcpD in ECP assembly, EPEC E2348/69 ΔecpA and ΔecpD mutants were generated. A central role of EcpD in ECP biogenesis is supported by Western blotting analysis of whole-cell extracts of EPEC strains harvested from DMEM showing no detectable EcpA pilin monomer in both ΔecpA and ΔecpD mutants. In addition, EcpA was not detected in the growth medium. The most plausible explanation for these results is that in the absence of EcpD, the EcpA subunit is not secreted and is therefore subsequently degraded. Furthermore, the long ECP filaments, typically displayed by E2348/69, were not detected in either mutant, as revealed by immunoelectron microscopy (IEM) using anti-ECP antibodies (Fig. 3) . These data indicated that EcpD is required for EcpA subunit stability and pilus assembly. Reintroduction of ecpD carried on pDB5 (Tables S2 and S3 ) into the ΔecpD mutant restored pilus production. This is consistent with previous observations showing that matE (equivalent to ecpD in EPEC) was required for surface expression of the Mat fimbriae in E. coli IHE3034 (13) . Surprisingly, a derivative ΔecpA mutant displayed a few stunted fibers that were significantly shorter than typical ECP filaments. These previously unknown fibers were recognized by anti-ECP serum raised against purified ECP pili from E. coli O157: H7 (EDL933). The absence of these enigmatic fibers in the ΔecpD mutant provides a clue as to their nature. Efforts leading to isolation of these fibers yielded structures composed entirely of EcpD (∼60 kDa), as determined by Western blotting using anti-EcpD antibodies. Furthermore, these fibers could be immunogoldstained with anti-EcpD antibodies (Fig. 4 A and B) . Similarly, IEM studies of EPEC strains using anti-EcpD antibodies showed goldlabeled fibers on both wild-type and ΔecpA mutant strains but not on the ΔecpD mutant (Fig. 3) . These data confirm that EcpD fibers can be formed in the presence or absence of EcpA.
EcpD Is a Tip Pilus Adhesin. Not only do these data suggest that the EcpD pilin has the ability to polymerize autonomously but they also implicate EcpD in usher pore opening, a task usually performed by the tip adhesin (25, 26) . To further test the localization of EcpD within the native ECP fiber, double IEM with anti- Fig. 3 . Analysis of ECP production on EPEC E2348/69 strains by immunoelectron microscopy. Bacteria were reacted with the indicated primary antibodies and secondary gold-labeled antibodies on Formvar-coated copper grids and then negatively stained with phosphotungstic acid. Note the presence of short fibers on the wild-type strain and the ΔecpA mutant that react with anti-ECP and anti-EcpD sera. (Scale bars, 500 nm.) Fig. 4 . EcpD is a novel polymerized tip adhesin. (A) Pili were purified from a ΔecpA mutant and analyzed by immunoelectron microscopy. (Scale bar, 250 nm.) (B) Western blotting using anti-EcpD antibodies. An ∼60-kDa protein, corresponding to the predicted size of EcpD, was obtained after dissociation of the fibers confirming the composition and nature of the fibers. (C) Colabeling of EPEC E2348/69 by immunoelectron microscopy with antiEcpA (plus anti-rabbit IgG conjugated to 10-nm gold particles) and anti-EcpD (labeled with 20-nm gold particles) antibodies showed that EcpD is preferentially located at the tip of the ECP pilus, whose stalk is composed of the EcpA protein. (Scale bars, 100 nm.) (D and E) Protein-protein interactions between Ecp proteins. Detection of FLAG-tagged Ecp proteins in whole-cell extracts (D) of EPEC strains using anti-FLAG antibodies and a pull-down assay (E) showing the interaction between EcpA-Myc-His and EcpA-FLAG or EcpD-FLAG but not EcpR-FLAG detected by Western blotting using anti-FLAG antibodies. (F) Binding of purified EcpD-His and EcpA-His proteins and ECP to HeLa cells. After a 2-h incubation and removal of unbound proteins, binding was detected with specific primary antibodies and a secondary antibody conjugated with Alexa Fluor 488. It is apparent that EcpD binds with higher affinity than ECP or EcpA to epithelial cells.
EcpA and anti-EcpD antibodies conjugated with 10-and 20-nm colloidal gold particles, respectively, was performed on WT E2348/69. In multiple IEM experiments performed using the combination of antibodies, we found that anti-EcpA antibodies decorate long peritrichous filaments whereas EcpD is clearly seen located at the tip of these structures, indicating that EcpD performs the role of a tip adhesin (Fig. 4C) .
Although our structural work on donor strand-complemented EcpA suggests that EcpA and EcpD interact with each other, we confirmed this by coexpression pull-down assays. EPEC E2348/69 strain derivatives expressing EcpR, EcpA, and EcpD FLAG-tagged proteins were constructed (Fig. 4 D and E and  Tables S2 and S3) , and the resulting strains were transformed with plasmid pecpA-MH expressing the EcpA-Myc-His-tagged protein (Tables S2 and S3 ). Cell extracts of these strains were mixed with Ni-NTA agarose resin and subjected to SDS/PAGE to resolve the interacting proteins. As shown in Fig. 4E , EcpAMyc-His was copurified with EcpA-FLAG, confirming EcpAEcpA self-association, but also it was copurified with EcpD-FLAG, in agreement with its presence at the pilus tip and with the structural analysis described above. In support of strong EcpA-EcpA associations is a ladder of EcpA multimers seen under denaturing SDS/PAGE, regardless of the presence of the FLAG tag (Fig. 4 D and E) . EcpR-FLAG, used as control, did not copurify with EcpA-Myc-His.
Previously, we reported that purified ECP is able to bind cultured epithelial cells (10, 12) . As these data imply a specific hostadhesive role for EcpD, we next quantitatively compared binding properties of recombinant EcpA, EcpD, and purified ECP to HeLa cells. Although there is some evidence of cell binding for EcpA at very high concentrations, the binding activity of EcpD is much stronger and comparable to that for full ECP (Fig. 4F) .
Discussion
ECP Is a Novel Variant of the CU Family. The overall structure of EcpA is quite similar to the Ig-like fold of other CU pilins (23, 24) , and the Dali server (27) identified the major colonization factor antigen I (CFA/I) pilin CfaB [Protein Data Bank (PDB) ID code 3f84 (28) ] as having high tertiary homology (Z score: 12.3; rmsd: 3.1 Ǻ ; Fig. S6) ; however, EcpA is much larger, with dimensions ∼25 × 25 × 60 Ǻ, and is composed of ∼50% hydrophobic residues. The G strand of EcpA contains 16 residues, and during fiber formation the N-terminal extension of an adjacent subunit must complement ∼50 Å of groove length within EcpA. In the current model for CU donor-strand exchange (DSE) (17) , the chaperone molecule complements the four hydrophobic pockets (P1-P4) and, during exchange, the incoming NTE forms an encounter complex with a vacant fifth pocket (P5) and then "zips" through all the remaining pockets as the chaperone "unzips" out; this has been termed the "zip-in-zip-out" mechanism (19) . In this model, the P5 pocket can be sampled by an incoming NTE while still in complex with its chaperone, and an invariant Gly residue (in the type I fimbria) ensures the correct register at the P4 site. There is no glycine at the N terminus of EcpA, although there is an invariant tryptophan residue (W11) that is locked underneath the A-A′ linker, the putative P3 site for ECP, deep within the core of the structure (Fig. 1 C and D) . It is likely that W11 ensures the correct register and stability of the incoming NTE, as no other residue would satisfy this position. However, the burial of such a large side chain during DSE would require an extensive conformational change or partial unfolding, so that the vacant groove of the subunit is wedged open by the chaperone, displacing the A strand and A-A′ linker that eventually covers W11. This notion is consistent with the conformation observed in our structure of the domain-swapped EcpA dimer (Fig. 1A) , where the swapped A strand crosses over to the other molecule at the linker just where it meets W11.
In CU systems, the chaperone stabilizes a polymerizationcompetent form of the pilus subunit by inserting two strands between the A and F strands of the pilin to form an atypical Ig fold. In Salmonella enterica Saf pilus, Yersinia Caf1, and E. coli Pap systems, there are few structural differences in the pilin when bound to the chaperone or present in a polymerized form (17) (18) (19) 29) . For ECP, it is difficult to envisage how such a large hydrophobic side chain in the NTE (W11), which is critical for biogenesis, could be inserted into the core without a significant "opening" of the pilin structure by the chaperone. Comparison of the structures of FimH in a polymerized fiber (30, 31) with usher-chaperone (FimH-FimC-FimD) and chaperone (FimHFimC) complexes (32, 33) reveals that FimC displaces the loop between the A and A′ strands in FimH by ∼10 Å (Fig. S6) . In the context of the ECP system, it seems likely that the chaperone for EcpA would use a similar mechanism to promote DSE.
EcpD Is a Polymerized Tip Adhesin. Previously, the only confirmed component of the pilus was the major subunit EcpA (8) (9) (10) (11) (12) (13) 34) . EcpD presents a completely novel tip adhesin as a result of the presence of an NTE and its subsequent ability to polymerize independently. Classical tip adhesins from the CU family lack the NTE. A BLAST (35) query of EcpA and EcpD identified a range of important Gram-negative bacteria, many of which are enterobacteria primarily residing in the gastrointestinal and urinary tracts. Although EcpD is generally well conserved, some species lack N-terminal residues (Fig. S2) , suggesting that EcpD polymerization is not essential in these organisms. EcpD has likely been fine-tuned through evolution to recognize specific host receptors in the organism's niche environment, and in E. coli it seems that the increased avidity from polymerization of EcpD is advantageous for its survival. Based on our work showing that polymerized EcpD is normally incorporated within the tip of ECP but can also form functional fimbria independent of EcpA, we propose three different architectural models for the generation of ECP fibers (Fig. 5) .
In this paper, we have provided atomic insight into the biogenesis of ECP fibers and their role in bacteria-bacteria interactions, for example during biofilm formation or cell adherence. Furthermore, because a ΔecpA mutant in NMEC has been shown to abrogate biofilm development (13) , although we have demonstrated that EcpD can still be exported as a polymer, the role of ECP in biofilms can be wholly attributed to the major pilin domain EcpA. It is interesting to note that ECP is highly conserved between enteric bacterial species; for example, Serratia proteamaculans, S. odorifera, Klebsiella sp., K. pneumoniae, and Enterobacter cancerogenus possess fimbrial subunits with high homology to EcpA (80%, 82%, 98%, 97%, and 96% sequence identity, respectively), which may suggest a role for ECP in stabilizing multispecies biofilms by interactions through EcpA orthologs. The ECP system presents a novel variant of the CU family with a dual role in host cell recognition and biofilm formation. The multifaceted nature of ECP architecture makes it a potential template for the design of engineered nanofibers based on a CU system, and conclusions from our work provide an important first step in this process.
Materials and Methods
Protein Purification. Residues 1-173 of EcpA and the donor strand-complemented constructs EcpA 19-173 dscA [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and EcpA 19-173 dscD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , with Nterminal His 6 tags, were expressed in E. coli and purified by Ni-NTA chromatography followed by gel filtration.
Crystallization. EcpA (12.5 mg/mL) and EcpA [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ). Data were processed, scaled, and refined using CCP4 (36) . The structure of EcpA was determined with I-SAD, and EcpA 19-173 dscD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] was determined with molecular replacement. Processing and refinement statistics of the final models can be found in Table S1 . The coordinates and structure factors for EcpA and EcpA 19-173 dscD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have been deposited in the PDB under ID codes 3QS2 and 3QS3, respectively.
Electron Microscopy. Detailed methods and protocols for SEM and high-resolution negative-stain transmission electron microscopy (TEM) can be found in SI Materials and Methods.
Mutant Strains, Plasmid Construction, Biofilm Assays, and Protein Interaction Assays. Detailed methods and protocols for the generation of mutants, tagged strains, plasmids, NMR, biofilm assays, protein interaction assays, and visualization assays can be found in SI Materials and Methods.
